Abstract The life span alteration after c-irradiation and/or paraquat treatment in Drosophila in wild type strain Canton-S and strains with mutations of heat shock factor (1-4 alleles) and heat shock proteins (Hsp70Ba 
Introduction
Practically all living organisms (from bacteria to mammals) are able to quickly respond and adapt to various external stresses. The phenomenon when a cell or an organism, after it had been exposed to low doses of stressors, exhibits increased tolerance to a damaging action is referred to as ''hormesis''. This effect is induced by various damages including alkylating agents, heat and oxidative stress, ionizing radiation, heavy metals, hypergravity (Crawford and Davies 1994; Le Bourg et al. 2002; Le Bourg 2007; Sorensen et al. 2007 ). The main biological sense of such adaptive response is to protect the cells and organisms from high doses of dangerous factors (ionizing radiation, mutagens, and extreme temperature).
When studying chromosome aberrations of human lymphocytes after irradiation Wolf et al. discovered the phenomenon of ''radioadaptive response'' (Olivieri et al. 1984) . Later on, the existence of adaptive response was confirmed in in vitro and in vivo experiments with the use of different endpoints, such as cell lethality, chromosome aberrations, point mutations and DNA repair. Radioadaptive response was recorded in response to both low LET (linear energy transfer) (X-rays and c-irradiation) and high LET ionizing radiation (neutrons, a-particles). Priming dose ranges usually from 0.01 to 0.5 Gy at dose rate 0.01-1.0 Gy/min. The lower time limit for the adaptive response to form following priming exposure is within 3-30 h (Tapio and Jacob 2007) . The upper time limit is from 2 weeks to 2.0-2.5 months for different dose rates (Yonezawa et al. 1996) .
Concerning molecular mechanisms of such effects, in vitro experiments revealed that radioadaptive response involved the activation of several DNA repair proteins (PARP, AP-endonuclease, DNA-PK, XPG), checkpoint proteins (M-phase phosphoprotein 10 and p125) and DNA damage sensing factors (ATM and p53) (Matsumoto et al. 2007 ). Furthermore, low dose irradiation promoted protein kinase C (PKC) and MAPK p38 activation in adapting cells. The induction of radioadaptation sometimes requires signal transducer and activator of transcription 1 (STAT1) which is part of cytokine signaling. Finally, data on the involvement of molecular chaperones (heat shock proteins, Hsp), which take part in repair of unfolded or aggregated proteins, in adaptive response have recently appeared (Matsumoto et al. 2007 ). In our opinion, the role of Hsp in radioadaptive response is of particular interest, demonstrating identity of stress-response system for different kinds of stress and existence of cross-adaptation to various ecological factors.
From our point of view, the appropriate integral characteristic of stress-tolerance and induction of adaptive response is life span alteration. To a certain extent, longevity depends on the genotype of an individual and in even greater degree on external ecological factors. Stress-tolerance induced by mild heat shock is known to induce hormesis in vitro and increase life span (Le Bourg et al. 2002; Helfand and Rogina 2003; Rattan 2004; Sorensen et al. 2007 ). Low dose radiation stimulates longevity as well (Maisin et al. 1996; Parsons 1999 Parsons , 2002 Upton 2001; Cameron 2003 Cameron , 2005 Vaiserman and Voitenko 2003; Moskalev 2007) . However, it is necessary to investigate whether these effects have common molecularcellular pathways. Unfortunately, only few groups demonstrated radioadaptive survival responses (Yonezawa et al. 1990 (Yonezawa et al. , 1996 (Yonezawa et al. , 2004 Nose et al. 2001; Ito et al. 2007 ). All previous works were prepared on mice and the results were explained by hematopoietic stem cells excitation.
The present article represents results of the study on the role of diverse heat shock proteins in Drosophila radioadaptive survival response. We investigated the adaptive response induction in wild type strain Canton-S and in strains with mutations of heat shock factor (Hsf alleles 1-4) and heat shock proteins (Hsp70Ba 304 , Hsp83 e6A , Hsp22 EY09909 , Hsp67Bb EY09909 ). As primary impact chronic low dose-rate c-radiation (0.017 and 0.17 cGy/h) was used at pre-imago development stages (4 and 40 cGy absorbed doze). Adding paraquat, a free radical inducer, to the flies feed was a challenging impact (20 mM in 24 h).
Materials and methods

Drosophila melanogaster strains
Wild type strain Canton-S and strains with mutations of Hsf and various Hsp proteins were used.
Different alleles of Hsf in the following genotypes were analyzed:
• 
Experimental conditions
All strains were kept under standard conditions (25°C and 12 h light regime) on yeast meal (Ashburner et al. 2005) . The individuals were irradiated by c-rays of 226 Ra at doses 4 and 40 cGy per generation (from egg to imago eclosion, 10 days). The dose rates were 0.017 and 0.17 cGy/h, respectively. To investigate the adaptive response the imagos were treated with superoxide radical O 2 -inducer paraquat (methylviologen).
Two-day old flies were food and water deprived for 6 h and then transferred to vials with filter paper, moistened with 20 mM paraquat (400 mkl) in 5% sucrose solution. We excluded deaths within first 3 days of experiment because they're not referred to aging. Dead imago flies were counted every day. The males and females were kept separately (20 flies per vial with 20 ml of meal). The flies were transferred to fresh yeast medium two times a week without anesthetization.
Statistical analysis
Survival analyses were performed using the actuarial method. We assessed mean and median life span. Because of life span non-normal statistical distribution, utilization of parametric tests is useless. Thus, we applied non-parametric Gehan-Breslow-Wilcoxon test to compare the survival curves. The obtained data was processed with Winmodest and Statistica 6.1.
Results
According to the collected data (Table 1) median life span was lower in Hsp mutations compared to wild type strain Canton-S. These effects were observed both in homozygote (7% in Hsp70Ba 304 males and 35% in females; 12% in Hsp22
EY09909
Hsp67B-b EY09909 males, no alteration in females) and heterozygote (8% in Hsp83 e6A /TM6B males and 35% in females). Obvious life span drop was revealed also in Hsf 4 homozygote (Table 1) . If compared with Canton-S, median life span in Hsf 4 males and females was 17 and 42% lower, respectively. Apparently, it is due to the role of heat shock proteins in natural aging processes and life span control. This observation fully corresponds to literature data. For instance, insertion mutation in mitochondrial protein gene Hsp22 in Drosophila results in mean life span decrease by 40%. At the same time overexpression of Hsp22 in motoneurons promotes a 32% life span increase, as well as raises resistance to oxidative stress (35% to paraquat) and to heat shock (39% at 30°C and 23% at 37°C) (Morrow et al. 2004a, b) . Regarding heat shock factor, such data for Drosophila is unavailable, but registered for nematodes. In Caenorhabditis elegans mutation in gene Hsf-1 leads to accelerated tissue degeneration (premature aging) (Garigan et al. 2002) . On the contrary, Hsf overexpression extends nematode life span (McColl et al. 2005) .
Paraquat treatment without irradiation decreases life span in all variants of the experiment, with exception of some males-Hsf 1 heterozygotes (Table 1, Figs. 1, 2) . In most cases after paraquat we can see dramatic decreasing of survivors number at early ages to compare with intact control. The most powerful influence is observed in Hsf 4 and Hsp22
Hsp67Bb
EY09909 homozygotes, implying the great role of Hsps in cell protection from oxidative damages (Figs. 1, 2 ). Tower and coauthors have also shown that aging-specific expression of Hsp70, Hsp22 and Hsp23 are induced as a result of oxidative damage (Wheeler et al. 1995) .
In wild type strain Canton-S chronic irradiation (4 and 40 cGy) induced adaptive response for subsequent paraquat treatment in males, but not in females (Figs. 1, 2) . The radiation-induced adaptive response not shown Hsf 4 and Hsp70Ba 304 homozygotes for both sexes (Figs. 1, 2) . In Hsp22 EY09909 Hsp67Bb EY09909 homozygotes sex differences of effects were also observed: the radioadaptive response persisted in males (for both doses), but not in females (for 40 cGy). The similar effects were in Hsp83 e6A heterozygotes: in females, there were no differences between paraquat treatment and irradiation with paraquat.
Consequently, chronic ionizing irradiation induces life span adaptive response in Drosophila not only at low (4 cGy) dose rates, but at medium (40 cGy) dose rates as well. At the same time, Hsp and Hsf homozygotes, in most cases, have no adaptive response, which speaks for direct involvement of these genes in its formation. To compare, the most Hsp and Hsf heterozygotes preserve well-defined adaptive response. To avoid the influence of genetic background the F1 offspring of heterozygotes (Hsf 1 /CyO, Hsf 2 / CyO b Hsf 3 /CyO) crossed with wild type strain Canton-S was additionally analyzed. In these variants the radioadaptive response was also induced. Moreover, heterosis overweighted the negative effects of Hsf mutation, irradiation and paraquat (Figs. 1, 2) .
Discussion
According to Parsons (1999) , hormesis (which includes adaptive response) is the evolution Biogerontology (2009) adaptation evolved as metabolic response to external stresses of which radiation is only a small part. Hence, pathways of general stress-resistance maintenance of cell and organism to genotoxic, oxidative and temperature impacts underlie in radioadaptive response. In natural populations the levels of heat shock proteins reflect this evolution adaptation to extreme stress periods, especially to temperature disturbances. Some literature data provide evidence for Hsp role in radiation response. It is revealed that c-radiation induces Hsp70 in Chinese hamster ovary cells on mRNA level (Sierra-Rivera et al. 1993) .
Hsp104 is important in regulating the development and magnitude of induced radiation resistance in yeast (Boreham and Mitchel 1994) . In mice, Hsp70.1 and Hsp70.3 expression is stimulated by both exogenous and endogenous stresses. Null mutations in these genes lead to radiation-induced genome instability increased by heat shock. Thus, Hsp70.1 and Hsp70.3 play an important role in genome stability under ionizing irradiation (Hunt et al. 2004) . Decrease of Hsp27 level in apoptotic-resistant timorous cells elevated their radiosensitivity (Aloy et al. 2008) . Thermoresistant clone of fibrocarcinoma has radioadaptive response, whereas fibrocarcinoma itself does not. Hsp70 transfection to nonthermoresistant fibrocarcinoma cells led to manifestation of adaptive response accompanied by PKC activation. Pretreatment with PKC inhibitors induced disappearance of radioresistance (Park et al. 2000) . Hsp25 was also involved in adaptive response. High dose radiation activated expression of Hsp70 and Hsp25, whereas expression of other Hsps, such as Hsc70 (Hspa8), Hsp90 and aB-crystallin (Cryab) did not change (Kang et al. 2002) . Simultaneous transfection of mice embryos by both genes (Hsp70 and Hsp25) yielded their coregulation, indicating the role of Hsf transcription factor in radioadaptive response (Lee et al. 2002) . The mice fibroblasts with Hsf-1 knockout or normal fibroblasts were exposed to heat shock with and without quercitin (Hsf-1 inhibitor) and then irradiated (4-6 Gy) (Kabakov et al. 2006) . Preconditioning with heat shock, which increased Hsp activity, elevated the survival of irradiated wild type cells. This effect was inhibited by quercitin and was absent in Hsf-1 knockout cells. Overexpression of Hsf-1, Hsp70 and Hsp27 increased cell radioresistance even without priming heat shock (Kabakov et al. 2006) . Our experiments with Drosophila also brought out clearly the absence of adaptive response in Hsf 4 homozygous males and females, and its presence in most heterozygotes. The same result was registered in Hsp70B homozygotes, clarifying the role of Hsf and Hsp70 in radioadaptive response.
It is intriguing the absence of the adaptive response in females, but presence in males in some strains: wild type Canton-S, Hsp22 EY09909 Hsp67B-b EY09909 homozygotes and Hsp83 e6A heterozygotes. The gender-specific differences in both radio-adaption and stress response are already well documented in literature (Sorensen et al. 2007) . It is interesting to note, that we observed the phenomenon of hyperradiosensitivity for longevity. The life span of irradiated Canton-S flies at low dose rates (4 cGy) was lower than at medium (40 cGy) dose (Table 1) . Previously hypersensitivity was revealed only on cellular level as apoptotic or mitotic deaths at dose rates below 30 cGy (Marples 2004; Mitchel 2006 ). But how it is possible to interpret the induction of hyperradiosensitivity and adaptive response at low dose rate (4 cGy) simultaneously? The possible explanation (Mitchel 2006 ) is that very low doses can induce some quantity of DNA double strand breaks but not able to activate its ATMdependant repair, which is plausible reason of the following hypersensitivity. At the same time, the most part of irradiated cells contain only single strand breaks or oxidized nucleotides, which in opposite stimulate DNA repair and lead to adaptive response. The medium doses (above 20 cGy) can induce ATMdependant checkpoint.
What is the mechanism of Hsp70-dependant radiation hormesis? This Hsp family is remarkable for the greatest sequence conservatism, from Escherichia coli to human. As the key Hsp, Hsp70 functions as molecular chaperone defending the cell from damages. It prevents disturbances of mitosis, meiosis and the processes caused by external stresses (Hunt et al. 2004 ). However, some functions of Hsp70 are not related to its chaperone activity. For instance, Hsp72 suppresses apoptosis interacting with such apoptotic regulators as JNK, ERK and p38 MAPK (Lee et al. 2001) . Stress-inducible Hsp70B stimulates base excision repair (uracil glycosylase activity). The excision repair is induced in irradiated lucemia cells when these cells are transfected by recombinant Hsp70. On the contrary, anti Hsp70 RNAi decreases DNA repair and suppresses cell survival (Bases 2006) . Hsp70 also interacts with apurinic/apyrimidinic endonuclease and intensifies endonuclease activity of HAP1. Finally, Hsp70 interacts with telomerase subunit TERT and major cell cycle regulators, including-p53, Cdk4, pRb, p27/Kip1, cMyc and Wee-1 (Hunt et al. 2004 ). Hsp70 inhibits radiation-induced expression of cyclin A and B1 together with their kinase activities, thus decreasing the level of mitotic cell death (Lee et al. 2001 ).
To sum up, in our experiments the tendency of radioadaptive response for life span exists in all experimental variants except homozygotes with Hsf and Hsp mutations. Consequently, we first revealed effectiveness of use life span parameter in the study of adaptive response in vivo and obviously shown the evolutional conservatism of the hormetic role of Hsp at low dose radiation exposure. These effects for irradiation have previously been mentioned only in vitro. Apparently, the radiation exposure induces the activation of Hsf which, in its turn, transactivates the gene Hsp70 functioning as molecular chaperone, cofactor of DNA repair enzymes and anti apoptotic factor, determining the relative resistance to the following stresses.
